Introduction
Xenobiotic compounds absorbed by a human body are metabolized in the liver, where cytochrome P450s (CYPs) catalyze their biotransformation. The metabolites are removed from circulation by distribution or excretion, and some are further metabolized or conjugated; however, electrophilic metabolites can easily react with proteins, lipids or DNAs when detoxification mechanisms do not work well. A disruption of the detoxification system may result in some disorder of cell functions in organs, or the immune response, and may induce an idiosyncratic drug reaction. 1, 2 In order to obtain reactive, short-lived metabolites of a drug, an electrochemical oxidation reaction can be used, because the major reaction of the metabolism by CYPs is oxidation. An electrochemical cell (EC) can be directly connected to a liquid chromatography/mass spectrometry (LC-MS) system; thus, the on-line oxidation-separation of a drug can be performed by EC-LC-MS. Reactive oxidation products with a short lifespan can be detected by the system, which can also provide similar oxidation products to drug metabolites by CYPs. [3] [4] [5] Without authentic standards of the metabolites, it may not be possible to elucidate the structure of oxidation products by MS, or MS/MS alone; therefore, we have improved the electrochemical reaction system to obtain sufficient oxidation products for a NMR study. 6 The electrochemical reaction has also been used to prepare a chiral compound. An asymmetric electrosynthesis of amino acids has been reported on the electrode on which an enzyme is immobilized, 7 and enantio-selective oxidation of a compound on the electrode in the chiral supporting electrolyte solution; 8 however, no metabolic model study of a chiral drug by the EC-LC system has been reported, although many chiral drugs have been used.
In this study, we used chiral a-tocopherol ( Fig. 1) as a chiral substrate, and a circular dichroism (CD) detector for the EC-LC system, which could be considered to give products that are similar to the metabolites by CYPs. The successful detection of a pair of chiral stereoisomers of 9-methoxy-a-tocopheron is described. The electrochemical oxidation of (±)-a-tocopherol on a porous graphite electrode was performed in the presence of methanol, and successive separation and detection of the products were performed by an on-line liquid chromatography/ mass spectrometry system. Three products were identified, one of which was determined to be a-tocopheryl quinone, because its m/z was 469 [M+Na] + . The other two products showed identical mass and UV spectra, and were suspected to be diastereomers of 9-methoxy-a-tocopheron, because their molecular weights were m/z 483 [M+Na] + , and also because it is known that the chemical oxidation of a-tocopherol by benzoyl peroxide or N-bromosuccinimide in the presence of methanol should provide 9-methoxy-a-tocopheron. To confirm that these two compounds were diastereomers, a circular dichroism detector was used. The signs of both peaks detected by the circular dichroism detector at 230 nm were opposite. In addition to observations of identical mass and ultraviolet spectra, these results indicated that the two products were diastereomers of 9-methoxy-a-tocopheron, whose stereochemistry is different at the newly generated chiral center of the 9-position. The on-line use of a circular dichroism detector with an electrochemical cell/liquid chromatography system may expand the utility of the system to study the metabolism of a chiral drug. 
Notes

On
Experimental
Reagents and chemicals
(±)-a-Tocopherol, (+)-a-tocopherol and ammonium acetate were purchased from Sigma-Aldrich (MO, USA). Methanol was of LC-MS grade (Merck, Darmstadt, Germany). Distilled water of HPLC grade (Kanto Chemical, Tokyo, Japan) was purified with a Milli-Q ® (Millipore, Billerica, USA) before use.
Instruments and conditions
The electrochemical cell was a coulometric single-electrode Model 5021 Conditioning Cell (ESA, MA, USA), which had a porous graphite electrode with a controlled potential by a potentiostat Coulochem II (ESA).
The LC-MS system consisted of an HPLC system (Shimadzu, Kyoto, Japan) and a quadrupole mass spectrometer with a turbo spray ionization (ESI) source, API3200 (Applied Biosystems Fig. 2 On-line EC-LC-UV-MS or EC-LC-UV-CD system. Fig. 3 Chromatograms and spectra. (A) TIC on the on-line EC-LC-MS system, the applied potential to the electrochemical cell was 0 and 800 mV; (B) mass spectra of (±)-a-tocopherol and three oxidation products; (C) UV spectra of Ox-2 and Ox-3; (D) chromatograms of the Ox-2 and Ox-3 fractions 2.5 h after separation by HPLC.
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Japan). For LC-MS, positive ion detection was employed in the full scan mode. The ion source temperature was set at 600˚C. The ion spray voltage was set at 3500 V. The curtain gas was set at 20 psi and a declustering potential at 65 V; GS1 and GS2 gases were set at 30 and 60 psi, respectively. For CD detection, an LC-CD system consisting of an HPLC system from the LC-2000 Plus Series (Jasco, Tokyo, Japan) was used.
LC-MS was performed on a C18 column (Inertsil ODS-3; 150 mm ¥ 3.0 mm i.d., 3 mm; GL Sciences, Tokyo, Japan) with a mobile phase consisting of methanol/water (91:9, v/v) that contained 10 mM ammonium acetate at a 0.30 mL/min flow rate. The ammonium acetate solution for the mobile phase was filtered through a 0.22-mm membrane (Millipore) before mixing with methanol. The mobile phase was degassed by ultrasonication before use. LC-CD was performed on a C18 column (Inertsil ODS-3; 250 mm ¥ 4.6 mm i.d., 5 mm; GL Sciences) with the same mobile phase. The flow rate of 0.20 mL/min was increased to 1.5 mL/min over 1.5 min). In the on-line EC-LC-MS or EC-LC-CD system (Fig. 2) , the electrochemical cell was placed between the pump and the LC column.
Results and Discussion
A total ion chromatogram (TIC) of (±)-a-tocopherol, which was subjected to on-line EC-LC-MS, is shown in Fig. 3A . No product was found at a potential of 0 mV to the EC, except for the parent compound, (±)-a-tocopherol, which had m/z 431 [M+H] + (Fig. 3B) . However, the peak of (±)-a-tocopherol disappeared with elevation of the potential to 800 mV, and three oxidation products (Ox-1, Ox-2, Ox-3) were detected. These products showed Fig. 3B) . Based on the molecular weight of Ox-1, and results similar to these reported by Zhang et al., 9 this compound should be an a-tocopherylquinone. The ESI-MS spectra of Ox-2 and Ox-3 were identical, as were the UV spectra (Fig. 3C) ; thus, we suspected that these two compounds were a pair of stereoisomers. We tried to isolate Ox-2 and Ox-3; however, both of the chromatograms of the separated Ox-2 and Ox-3 fractions by HPLC showed that their inter-isomerization and hydroxylation to Ox-1 should have occurred in 2.5 h in the eluent that contained methanol and water (Fig. 3D) . Based on these observations and their mass spectra, methanol used as an additive should be added to (±)-a-tocopheron to provide Ox-2 and Ox-3, whose structures are believed to be 9a-and 9b-methoxy-a-tocopheron.
To confirm this, (+)-a-tocopherol was subjected to the same reaction, and detected by a circular dichroism detector (on-line EC-LC-CD). The peak of Ox-2 showed (+)-CD, but Ox-3 had (-)-CD (Fig. 4) , and indicating these two products were Fig. 4 Chromatograms and spectra on the on-line system for elucidating the stereo-structure of Ox-2 and Ox-3. The applied potential of the electrochemical cell was set at (A) 0 mV, (B) 800 mV; and (C) CD spectra of Ox-2 and Ox-3.
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The formation of 9-methoxy-atocopheron was reported previously concerning the reaction of a-tocopherol with benzoyl peroxide or peroxynitrite in methanol. 10, 11 In these reactions, a pair of diastereomers must be formed by the addition of methanol to generate a new chiral center at the 9-position; however, these reports include no references. Zhang et al. reported that the electrochemical oxidation of a-tocopherol in methanol provides a-tocopherylquinone and two labile products, as does its chemical oxidation with N-bromosuccinimide; 9 however, they described one as being 9-methoxy-a-tocopheron, and the other as 9-hydroxy-atocopheron. However, our results demonstrated that these two products should be 9a-and 9b-methoxy-a-tocopheron.
In the EC-LC system, electrochemical oxidation products of a-tocopherol were detected by a CD detector with the combination of a UV or a MS detector, and the stereoisomers of 9a-and 9b-methoxy-a-tocopheron could be detected and distinguished by their CD signs. The use of a CD detector can expand the utility of the EC-LC system for studying drug metabolism, especially in finding reactive, short-lived metabolites of chiral drugs.
